We found a reduction in HCFC-22 global atmospheric increasing trends. European emissions of HCFC-22 decreased significantly in the last decade. The efficacy of inverse modelling as an emission inventories verification tool is shown. European emissions of HCFC-22 will approach zero starting from 2025. a r t i c l e i n f o a b s t r a c t HCFC-22 (CHClF 2 ), a stratospheric ozone depleting substance and a powerful greenhouse gas, is the third most abundant anthropogenic halocarbon in the atmosphere. Primarily used in refrigeration and air conditioning systems, its global production and consumption have increased during the last 60 years, with the global increases in the last decade mainly attributable to developing countries. In 2007, an adjustment to the Montreal Protocol for Substances that Deplete the Ozone Layer called for an accelerated phase out of HCFCs, implying a 75% reduction (base year 1989) of HCFC production and consumption by 2010 in developed countries against the previous 65% reduction. In Europe HCFC-22 is continuously monitored at the two sites Mace Head (Ireland) and Monte Cimone (Italy). Combining atmospheric observations with a Bayesian inversion technique, we estimated fluxes of HCFC-22 from Europe and from eight macro-areas within it, over an 11-year period from January 2002 to December 2012, during which the accelerated restrictions on HCFCs production and consumption have entered into force. According to our study, the maximum emissions over the entire domain was in 2003 (38.2 ± 4.7 Gg yr . However, the observations at the two European stations show also that since 2008 a decrease in the global growth rate has occurred. In general, our European emission estimates are in good agreement with those reported by previous studies that used different techniques. Since the currently dominant emission source of HCFC-22 is from banks, we assess the banks' size and their contribution to the total European emissions up to 2030, and we project a fast decrease approaching negligible emissions in the last five years of the considered period. Finally, inversions * Corresponding author. Department of Basic Sciences and Foundations, University of Urbino, Piazza Rinascimento 6, 61029 Urbino, Italy.
a b s t r a c t HCFC-22 (CHClF 2 ), a stratospheric ozone depleting substance and a powerful greenhouse gas, is the third most abundant anthropogenic halocarbon in the atmosphere. Primarily used in refrigeration and air conditioning systems, its global production and consumption have increased during the last 60 years, with the global increases in the last decade mainly attributable to developing countries. In 2007, an adjustment to the Montreal Protocol for Substances that Deplete the Ozone Layer called for an accelerated phase out of HCFCs, implying a 75% reduction (base year 1989) of HCFC production and consumption by 2010 in developed countries against the previous 65% reduction. In Europe HCFC-22 is continuously monitored at the two sites Mace Head (Ireland) and Monte Cimone (Italy). Combining atmospheric observations with a Bayesian inversion technique, we estimated fluxes of HCFC-22 from Europe and from eight macro-areas within it, over an 11-year period from January 2002 to December 2012, during which the accelerated restrictions on HCFCs production and consumption have entered into force. According to our study, the maximum emissions over the entire domain was in 2003 (38.2 ± 4.7 Gg yr À1 ), and the minimum in 2012 (12.1 ± 2.0 Gg yr À1 ); emissions continuously decreased between these years, except for secondary maxima in the 2008 and 2010. Despite such a decrease in regional emissions, background values of HCFC-22 measured at the two European stations over 2002 e2012 are still increasing as a consequence of global emissions, in part from developing countries, with an average trend of ca 7.0 ppt yr
À1
. However, the observations at the two European stations show also that since 2008 a decrease in the global growth rate has occurred. In general, our European emission estimates are in good agreement with those reported by previous studies that used different techniques. Since the currently dominant emission source of HCFC-22 is from banks, we assess the banks' size and their contribution to the total European emissions up to 2030, and we project a fast decrease approaching negligible emissions in the last five years of the considered period. Finally, inversions
Introduction
HCFC-22 (CHClF 2 ) is a man-made stratospheric ozone depleting substance with an ozone depletion potential (ODP) of 0.04 (Daniel et al., 2011) and a powerful greenhouse gas with a Global Warming Potential (GWP) over 100 yr of 1760 (Myhre et al., 2013) . Its relatively short lifetime of ca. 11.9 yr (SPARC, 2013) is mainly due to the reaction with OH radical. HCFC-22 is used primarily in refrigeration and air conditioning systems as the working fluid. Releases into the atmosphere occur partly when these systems are first filled, but mostly during maintenance, or as the result of accidental damage or when the equipment is finally removed from service, unless provisions are made to capture and destroy the material still in equipment (McCulloch et al., 2003) . It is also used in foam blowing and as feedstock for the manufacture of fluoropolymers, but in this last use HCFC-22 is mostly destroyed during the process.
HCFC-22 was firstly introduced in the 1950s but its production and consumption have increased over time as it has been used as an interim replacement for several chlorofluorocarbons (CFCs), making it the third most abundant anthropogenic halocarbon, after CFC-12 and CFC-11, with a current atmospheric mixing ratio of about 220 ppt. A substantial growth of HCFC-22 global mixing ratio has been reported by O'Doherty et al. (2004) and Montzka et al. (2009) , based on long term measurements conducted at remote sites across the globe in the frame of the AGAGE (Advanced Global Atmospheric Gases Experiment) and NOAA/ESRL (National Oceanic Atmospheric Administration/Earth System Research Laboratory) programmes, respectively. The acceleration in the growth rate observed in the last decade in the global atmosphere (Montzka et al., 2009 ) is consistent with the UNEP (United Nations Environmental Programme) data on production and consumption of the HCFCs. Such data also indicate that by 2004 the HCFCs production and consumption in developed countries exceeded the values reported from developed countries (UNEP, 2013) . This reflects provisions within the Montreal Protocol for Substances that Deplete the Ozone Layer reported in Table 1 , calling for an HCFCs phase-out with different schedules in Article 5 (A-5; or developing) countries and non A-5 (developed) countries (UNEP, 2009 ). In the European Union, the phase-out of HCFCs is covered by the European Regulation (EC) No 2037/2000 on substances that deplete the ozone layer that, among other things, declared illegal the use of virgin HCFCs to service refrigeration and air conditioning (RAC) equipment as of 1st January 2010.
Estimating emissions of HCFC-22 from atmospheric observations is important in order to ascertain the effectiveness of the Montreal Protocol in the protection of the ozone layer as well as of the climate (Velders et al., 2007) . HCFC-22 is used in refrigerators and air conditioners (AC) and also as blowing agent. Therefore it released into the atmosphere over years to decades after production. The amount of HFCF-22 in equipment and foam represents a bank of produced but not yet emitted chemical. Currently, the dominant emission for HCFC-22 is from these banks (Montzka et al., 2011) . The primary HCFC-22 banks are in existing refrigeration and air conditioning (AC) applications, from which it is released on a timescale of years to more than a decade (medium timescale). However, HCFC-22 has been also used for open-cell foam blowing having a short banking time (<1 years) and for closed-cell foam blowing, implying a long banking time (up to 20 years) Velders et al., 2014) . Relating emissions to the banks of non-released material is crucial for predicting future trends in stratospheric chlorine. In addition, reliable estimates of future trends imply a good understanding of production magnitudes, particularly from the past, in order to enable an accurate estimate of the size of the bank.
The main source of information on the production and consumption of HCFC-22 is from UNEP (United Nation Environmental Programme, Ozone Secretariat http://ozone.unep.org/new_site/en/ ozone_data_tools_access.php) that makes available the aggregated HCFCs consumption and production data, expressed in ODP tons. In the UNEP database, data pertinent to the European Union Member States (EUMSs) are given in a grouped form.
The AFEAS (Alternative Fluorocarbons Environmental Acceptability Study, http://www.afeas.org/data.php) provides production and sales magnitudes of HCFC-22, expressed in metric tons. The sales data are split into three regions (Northern Hemisphere 0 e30 degrees north; 30 e90 degrees north; and Southern Hemisphere 0e90 degrees south) and into three categories corresponding to end uses with short, medium and long time scales (''banking time'') before the substance is emitted. Several studies Fisher and Midgley 1993, McCulloch In addition to bottom-up estimates, in recent years several studies have provided HCFC-22 emission estimates for Europe using top-down approaches, based on long term high-frequency observations combined with various inversion modelling techniques. O'Doherty et al. (2004) , based on measurements conducted at Mace Head (MHD, Ireland) combined with the NAME Lagrangian dispersion model (Ryall et al., 2001) , estimated the UK emissions at 2.4 and 2.2 Gg per year in 1999e2001 and 2000e2002, respectively and European emissions at 19, 17 and 15 Gg per year in 1998e2000, 1999e2001 and 2000e2002, respectively. The NAME approach does not make use of any a priori information. More recently, Stohl et al. (2009) , in order to derive regional and global emission magnitudes, used observations from the AGAGE network (MHD and Mt. Cimone, Italy, CMN, included), the FLEXPART dispersion model, and a Bayesian inversion method, taking as a priori information projections of global total emissions from Ashford et al. (2004) that were slightly adjusted to make them fit with the AFEAS (2007) values for the year 2005, the last year available with non-forecast data. They estimated that a total of 12 Gg and 10 Gg of HCFC-22 were emitted from 7 EU countries in 2005 and 2006 , respectively. Saikawa et al. (2012 provided European (geographical, excluding Russia) emission estimates from 2005 to 2009, ranging from 13.7 to 7.6 Gg per year, using observations (continuous and flask) at different sites around the globe, the MOZART v4 (Model for Ozone and Related Chemical Tracers version 4) chemical transport model, with a resolution for the regional inversion of 1.9 latitude, 2.5 longitude, and 56 vertical levels, and an a priori emission field based on UNEP 2011 consumption data and the emission inventory by McCulloch et al. (2003) . As meteorological fields the Modern Era Retrospective-analysis for Research and Applications (MERRA) was used. Finally, Keller et al. (2012 Keller et al. ( ) estimated, for 2009 Gg from 27 countries in western and Eastern Europe by means of a Bayesian inversion, using global and regional emission data as a priori information combined with observations from Mt. Cimone (CMN, Italy), MHD and a Hungarian site (K-Puszta), considering a domain that does not include the Scandinavian countries. Their a priori information was based on global and regional emission data together with assumptions on the share of these emissions among the individual countries.
In most cases, these techniques make use of a priori information, which allows higher resolution in the inversion result. From a Bayesian perspective, an inversion using a priori information searches the most likely solution in view of both the a priori emissions and the measured data (Stohl et al., 2009) . In this study, in order to derive European emissions of HCFC-22 from 2002 to 2012, we used observations from two European sites, MHD and CMN, in combination with FLEXPART and a Bayesian Inversion method developed by Seibert (2000 Seibert ( , 2001 , which was improved by Eckhardt et al. (2008) and Stohl et al. (2009 Stohl et al. ( , 2010 using different sources of information for creating the a priori emission field.
Our results complement the previous studies, providing estimates on the emissions of HCFC-22 on a European scale, down to the country level, and analysing the trend of such emissions over an 11 year period, during which the accelerated restrictions on HCFCs production and consumption decided in 2007 at the 19th Meeting of the Parties to the Montreal Protocol have entered into force.
Method

HCFC-22 observations
In Europe, high-frequency long-term observations of HCFC-22 in ambient air are conducted, via gas chromatography-mass spectrometry (GCeMS) preceded by on-line sample enrichment, at the two WMO GAW (World Meteorological Organisation Global Atmosphere Watch) global stations of Mt. Cimone (Italy) and Mace Head (Republic of Ireland). CMN is located on the top of the highest peak of the Northern Apennines, at 2165 m of altitude above the sea level. The station is representative of the free troposphere, even if episodically reached by polluted air masses originated by the closeby Po valley (Fischer et al., 2003; Henne et al., 2010) . MHD, on the western coast of Ireland, is ideally located to study trace gases present both in marine and continental air masses (Grant et al., 2010) . MHD is an AGAGE station, making use of the GCeMS MEDUSA system adopted in all the AGAGE sites (Miller et al., 2008) . CMN, where a different GCeMS system is used, is an AGAGE affiliated station. Details on the analytical methodology and calibration protocol adopted at CMN and MHD are reported in Maione et al. (2013 Maione et al. ( , 2014 and in Miller et al. (2008) and Simmonds et al. (1996) , respectively. At CMN, the relative standard deviation (RSD over 1 year) evaluated from the repeated working standard measurements of HCFC-22 was 0.9% and 0.4% before and after January 2008, respectively. The improvement in the RSD is due an upgrade of the instrumentation completed after January 2008. At MHD % RSD is below 0.26%. In spite of the differences in the analytical methodologies, measurements at the two stations are fully intercomparable, because both system are operated via the Linuxbased chromatography software (GCWerks, gcwerks.com) developed within the AGAGE programme and the same calibration scale (SIO-2005, Scripps Institution for Oceanography, La Jolla, CA, USA) is adopted.
Determination of the background
In order to calculate atmospheric long-term trends and annual growth rates of HCFC-22 it is necessary to careful evaluate background mixing ratios at the receptor sites. For a station like MHD, where prevailing winds from the west to south-west sectors bring clean background air to the site, a meteorological filter can be applied in order to clearly identify atmospheric baseline conditions (Ryall et al., 2001 ). On the contrary, CMN is surrounded by complex topography and emission fields and the determination of the baseline requires the use of statistical methods. For this aim, we have developed specifically for CMN a two-step procedure that we have also applied to time series recorded at MHD (Giostra et al., 2011) . In the first step the measurement data are detrended using an appropriate time interval. In the second step the uncertainty in the determination of baseline mixing ratios, which includes instrumental error and natural background variability, is found. The overall observed probability distribution function (PDF) obtained consists in the sum of a Gaussian and a gamma distribution, where the Gaussian distribution corresponds to the well-mixed background atmosphere state, i.e. data given by emissions undergoing long range transport, and the gamma distribution corresponds to a non-well-mixed state, i.e. data containing recent emission inputs. If the number of available data points is large, the decomposition of the overall PDF as the sum of a Gaussian plus a gamma becomes stable and reliable.
Dispersion modelling and Bayesian inversion
The inversion is based on 20-day backward simulations obtained with the FLEXPART Lagrangian particle dispersion model (Stohl et al., 1998 (Stohl et al., , 2005 Seibert and Frank, 2004) . Meteorological data used as input for this study were the European Centre for Medium-Range Weather Forecasts (ECMWF) global analyses at 1 Â 1 resolution for the period 2002e2012 over the domain shown in Fig. 1 . In addition, nested meteorological data with a resolution of 0.25 Â 0.25 in the European domain (from 12 W to 28 E and from 35 to 65 N) were available for 2008 and 2009, which we call the ECMWF_nest. For each run, 40,000 particles were released backward from the observing stations, at three-hourly intervals. In this way, we obtain the footprint emission sensitivity, which we call the source receptor relationship (SRR). The SRR has been described by Seibert and Frank (2004) as the sensitivity of a "receptor" element to a "source". The SRR value (s kg À1 ) in a particular grid cell is proportional to the particle residence time in that cell and measures the simulated mixing ratio at the receptor that a source of unit strength (1 kg s À1 ) in the cell would produce (Stohl et al., 2009 ). The SRR was calculated without consideration of any chemical removal processes.
The footprint emission sensitivity in the lowest model layer is then multiplied by the emission flux taken from an appropriate emission inventory (the a priori emission field), thus giving the simulated mixing ratio at the receptor, which can be compared with the observations. Fig. 1 shows the footprint emission sensitivity for the period January 2008eDecember 2008 for a) both MHD and CMN and b) and c) for the two single stations. Emission estimates we derive are based only on areas with an annual average sensitivity >2 ps kg
The inversion algorithm used in this study was developed by Seibert (2000 Seibert ( , 2001 and improved by Eckhardt et al. (2008) . The method was further improved by Stohl et al. (2009 Stohl et al. ( , 2010 who derived a baseline in the observations that is adjusted as part of the inversion process. The basic idea of inversion procedures is to optimise the agreement between the model output and the measurements, at the same time minimising the deviation from the a priori emissions as well as the uncertainties in the emissions. The "optimum" agreement is calculated as the sum of the squared errors inversely weighted with the uncertainty variances. Even if the number of observations exceeds the number of unknown emission values, not all regions are well resolved by the observations. The addition of an a priori knowledge of the emission distribution and of the emission uncertainty is necessary in order to prevent an unstable solution.
Therefore, a term, which provides the deviation of the solution from the a priori emissions and is inversely weighted by the assumed emission uncertainties, is added to the so-called cost function J. The cost function to be minimised is the following:
The model-observation misfit is measured by the first term on the right hand side of equation (1), where the operator diag ( ) yields a diagonal matrix, M represents the SRR matrix determined by FLEXPART backward simulations;ỹ is the difference between the observed concentration vector and a priori simulated concentration vector, andx is the difference between an unknown emission vector and an a priori vector. The second term measures the deviation from the a priori values. The vector of standard errors of the observation is represented by s o (this error also includes the model error) and that of the a priori emission values by s prior . The inversion method used for this study is the same as in Stohl et al. (2009 Stohl et al. ( , 2010 . Details on the application of this method can also be found in Maione et al. (2014) .
Detailed descriptions of the a priori emission field creation and of the sensitivity tests performed in order to evaluate the model performance are reported in the Supplementary Material section.
3. Results and discussion 3.1. Atmospheric trends HCFC-22 time series recorded at CMN and MHD from 2002 to 2012 are reported in Fig. 2 . In order to evaluate HCFC-22 trends and annual growth rates, we derived the background mixing ratios (black dots) using the statistical method described in Giostra et al. (2011) . This method identifies a threshold above which concentrations are due to episodic "pollution" events from European emissions (red dots).
Elevations above the baseline show a decrease of both yearly frequency of occurrence (green line) as well as yearly average magnitude (blue line) during the last part of the record at both stations. This decrease is more evident at CMN where, in addition, particularly intense elevations are observed in 2006 and 2008 consistently with the EGD UNEP aggregated HCFC-22 consumption data reporting that consumption decreased from 2009 onward.
Trends in the background values are driven by global emissions. Overall 11-y trends of the atmospheric mixing ratios of HCFC-22 at CMN and MHD, derived using the monthly mean baseline mole fractions and the empirical model as in Simmonds et al. (2004) , were 6.9 ± 0.4 and 7.0 ± 0.2 ppt y À1 (R 2 ¼ 0.98), respectively. The averaged annual growth rates (reported in Fig. 3 Montzka et al. (2009) who suggested that this was due to the exponential increase in developing country production and consumption of HCFC-22. After 2008, however, we observe a decline in the growth rate, especially in the last two years. The slowing down of the growth rate increase suggests that the annual increase in global emissions determined for past years (Saikawa et al., 2012) likely slowed after 2008.
Emission estimates
The described inversion procedure has been used to derive HCFC-22 emission intensity and distribution in the EGD as well as in individual macro-regions within it. The maps in Fig. 4 show the a priori (Fig. 4a ) and a posteriori (Fig. 4b ) distribution of emission fluxes for a single year (2007) . The posterior emission distribution is much less smooth than the prior distribution, suggesting emission hot spots, some of which will be discussed below. The annual HCFC-22 estimated emissions from the EGD and from eight macro areas within the EGD are given in Table 2 . Emissions are reported together with an error estimate calculated from the overall relative uncertainty derived as described in the sensitivity tests section (see Supplementary Material).
As also shown in Fig. 5a , HCFC-22 emissions decreased steadily down to about one third of the initial value throughout the study period, with a maximum of 38.2 ± 4. The plot in Fig. 5a also shows that the relative emission contributions of the eight macro areas do not vary significantly during the study period. Therefore, the contribution from each macro-area can be expressed as an average percentage value, reported in Fig. 6 , together with the percent average maximum error. The highest average contribution is from the FR macro area (France), corresponding to ca. 19% of total EGD emissions. A similar contribution is obtained for the much larger macro area comprised of 11 countries in Eastern Europe. An alternative way of interpreting this information is in terms of per capita emissions. Estimates split into eight macro areas (reported in Fig. 5b) show that the lowest per capita emissions are from Eastern Europe and the Eastern Adriatic regions, whereas FR and IE-UK have the highest per capita emissions. The Scandinavian countries (FI-NO-SE) show unexpectedly high percapita emissions. However, this result may not be totally robust, as the uncertainty in emissions derived for this area is relatively large (approaching 50%) due either to the low model sensitivity in this region or partly to an inversion artefact, since higher baseline values are expected when air masses come from the north (see Fig. 1Sb ). Also, this result could be partly affected by an artefact due to the inversion assigning to the elevations (and therefore to emissions) higher baseline values of the air masses coming from the North, actually ascribable to a Meridional gradient.
Concerning the role of the Montreal Protocol in the protection of climate, converting EGD HCFC-22 emissions from Gg yr À1 into CO 2 equivalent (CO 2-eq), we estimated that emissions have decreased from 58,000 ± 4000 Gg CO 2-eq in 2002 down to 22,000 ± 2000 in 2012. Fig. 7 shows the comparison of our results (red dots) with previously reported European emission estimates based on different top-down approaches and with the a priori emission field used for this study (red open circles), described in the Supplementary Material. O'Doherty et al. (2004) reported HCFC-22 emission estimates for the year 2002 obtained with an inversion based on MHD observations combined with NAME and an annealing technique (grey diamonds) as well as estimates based on commercially sensitive industry data (purple triangle). The NAME domain is somewhat smaller than the domain used in this study and the industry data refer to EU-15. For better comparability, we extrapolated from our EGD inversion results the fluxes from a domain similar to the NAME one (red square). Our estimates are comparable with the NAME ones but significantly lower than the industry data, which were considered as overestimated also by O'Doherty et al. (2004) . Stohl et al. (2009) (green triangles) used the same modelling approach and study domain as we have used here but they used a different a priori emission field based on the global annual HCFC-22 emissions from Ashford et al. (2004) and partly different observation data also including time series from the Zeppelin Station (ZEP) in the European Arctic. Their results are within our uncertainty range, with only a 0.2% and 11% difference to our values for 2005 and 2006, respectively.
The largest differences to our results of all other inverse modelling studies for Europe were reported by Saikawa et al. (2012) (blue squares in Fig. 8) , with their values being systematically lower than ours for the entire period (2005e2009) of the study. On average, our estimates are 87% higher than theirs. As previously described, the methodology used by Saikawa et al. is based on a different observation network, modelling approach, and a priori emission field. In order to investigate if the differences in the a priori emission fields used in the two studies could be responsible for such a large discrepancy, we re-ran the inversion using the a posteriori European emissions given by Saikawa et al. (2012) as our a priori (not shown) for 5 years (from 2005 to 2009). However, we still obtained emission fluxes significantly higher (73%) than those reported by Saikawa and, on average, only 14% lower than our reference estimates, confirming that the a posteriori emission field obtained through the Bayesian inversion we have used here is rather stable even when using significantly different a priori emission fluxes.
Despite the different a priori field and station geometry, Keller et al.'s (2012) emission estimate (light blue dots) for 2009 is within the error bar of our estimate for the same domain (red diamond). Again, at the macro-areas level differences are larger. For instance, our emission fluxes for the DE-DK-NL and UK-IE macro areas are higher than theirs by a factor of about two, and our estimates for PT-ES and the macro area including eastern European countries is lower by 50% compared to theirs. This is probably due to their better constraint on emissions in Eastern Europe provided by their measurement station in Hungary and the different station geometry leading to a different emission distribution within the study domain.
In addition, in order to investigate the influence of the seasonality in the emission fluxes, we performed seasonal inversions, whose results showed that emissions in the Southern European countries facing the Mediterranean basin are higher by some 25 ± 8% in the warmer months than in fall and winter. On the contrary, seasonal variations for the extra-Mediterranean countries are not significant. The seasonality in the emissions has been described also by Miller et al. (2012) in a study reporting emission estimates for the U.S, and by Xiang et al. (2014) for the global scale. This difference could be explained by a significantly more intense use of air conditioning systems during the warmer months in the southernmost regions and may result from greater leakage from the working compressors.
HCFC-22 banks
Relating emissions to the banks of non-released material is crucial for predicting future halocarbon atmospheric trends. This is particularly important in the case of HCFC-22, whose dominant emissions are from banks. We attempted to estimate the extent of the European banks using HCFC-22 UNEP consumption data and the different end-use categories reported in the AFEAS data set, all combined with McCulloch's et al. (2006) EF, as previously explained in the description of the a priori emission field creation. Fig. 8 shows the extent of banks estimated in our domain from 2002 to 2012.
In Fig. 9 we report the comparison between our EGD emission estimates and those derived from the emissions from the banks showed in Fig. 8 . The emissions from the estimated banks are in good agreement with the inversion estimates, being on average only 22% higher. Moreover, the fits of the two curves exhibit exponential decay constants differing only by 10%. Notwithstanding the general agreement, the two approaches show some differences, with the inversion estimates providing additional information as the deviations from the general trend in 2003 and 2008 that could be due to increased HCFC-22 consumption as a consequence of the heat wave in 2003 and of the accelerated HCFCs phase out decided in the 2007 Montreal Protocol revision, respectively. The good agreement between the results obtained using the two procedures supports the reliability of the bank estimates and emission functions of McCulloch et al. (2003) .
In Fig. 9 we also report two possible scenarios for HCFC-22 emissions from the EGD up to 2030, the year in which, under the Montreal Protocol, production and consumption of HCFCs will be completely phased out in non-Article 5 parties. The UNEP HCFC-22 consumption data exhibit a sharp decrease between 2009 and 2010, with 2010 consumption dropping to one tenth of the 2009 value. The annual EGD consumption data between 2010 and 2012 range from 1.16 to 1.36 Gg, well below the 3.8 Gg allowed for 2015 by the Montreal Protocol. We hypothesised: i) a conservative scenario (A) where the average (2010e2012) UNEP consumption has been applied up to 2020, when the consumption value of 0.19 Gg has been adopted, following the Montreal Protocol prescriptions; ii) an optimistic scenario (B) where the 2020 limit (0.19 Gg) has been advanced to 2013 and the 2030 limit (0.0 Gg) has been advanced to 2020. Even if the extent of banks in the scenario A is about twice that of scenario B (in 2020 and 2021), the emissions produced over the entire period do not differ significantly, approaching zero towards the last five-year period. Assuming that the UNEP consumption data are correct, the 20% difference could be ascribed to an inaccurate EF estimate. This suggests that future HCFC-22 emissions from banks could be higher.
In terms of CO 2 -eq, projected emissions of HCFC-22 in 2020 will be of 4000 ± 800 Gg CO 2 -eq, however, those emissions are likely to be off set in part by the increase in the HFCs used as HCFC replacements, depending on the properties of the HFCs used as substitutes.
Conclusions
We analysed HCFC-22 time series obtained through long term high-frequency atmospheric measurements carried out at the two countries. After a steady increase of the atmospheric HCFC-22 growth rate until 2008, indeed a decrease in the atmospheric growth rate of HCFC-22 has been recorded since then. This suggests that is likely that global emissions are not growing as rapidly as before 2008, as also reported by Montzka et al. (2014) .
Combining the atmospheric data with a Bayesian inversion method, we estimated emissions of HCFC-22 in Europe down to the country level. Annual emissions from the European Geographic Domain derived in this study, show a constant decrease with two slight deviations from this trend in 2003 and 2008. We attribute the largest fraction of our estimated emissions to two regions, France and a large macro area including 11 eastern European countries (BG, BY, CZ, EE, HU, LT, LV, MD, PL, RO, and SL), followed by IE-UK, AT-CH-IT, and BE-DE-DK-LU-NL. Highest per-capita emissions are from FR and IE-UK, followed by FI-NO-SE-and AT-CH-IT.
In general, our results show a good agreement with those reported in some previous studies. Comparing our European estimates for 2005 and 2006 with those published by Stohl et al. (2009) who used a similar approach, we found an excellent quantitative agreement, with only minor discrepancies at the country level and mainly in regions with poor observational constraints. A similar result is obtained from the comparison of fluxes estimated, using a similar approach, by Keller et al. (2012) for 2009. Once again we obtained an excellent agreement on the European scale, and some Table 2 Annual HCFC-22 emission estimates from the EGD and eight macro areas included in the EGD. 24.6 ± 3.9 6.0 ± 1.0 3.1 ± 0.4 3.7 ± 0.1 3.0 ± 0.1 1.9 ± 0.3 1.9 ± 0.7 0.6 ± 0.2 3.6 ± 0.3 2006 20.8 ± 2.8 4.1 ± 0.2 2.2 ± 0.3 2.9 ± 0.1 3.4 ± 0.1 2.5 ± 0.2 1.1 ± 0.4 0.4 ± 0.2 3.5 ± 0.6 2007 19.7 ± 2.7 2.5 ± 0.5 1.7 ± 0.3 3.9 ± 0.1 3.3 ± 0.2 3.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.2 2.9 ± 0.6 2008 22.8 ± 3.1 4.3 ± 0.2 2.2 ± 0.4 3.8 ± 0.2 2.7 ± 0.1 2.2 ± 0.3 0.5 ± 0.1 0.4 ± 0.2 6.1 ± 1.0 2009 14.4 ± 1.8 2.5 ± 0.1 1.3 ± 0.2 2.0 ± 0.1 2.2 ± 0.1 3.0 ± 0.2 0.3 ± 0.1 0.5 ± 0.2 1.4 ± 0.4 2010 16.1 ± 2.8 3.2 ± 0.2 2.8 ± 0.8 2.3 ± 0.1 2.2 ± 0.1 1.6 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 2.7 ± 0.8 2011 15.2 ± 3.1 3.2 ± 0.3 1.1 ± 0.2 1.8 ± 0.1 1.5 ± 0.1 1.7 ± 0.3 0.9 ± 0.2 0.8 ± 0.3 2.8 ± 0.4 2012 12.1 ± 2.0 2.7 ± 0.2 0.6 ± 0.1 1.5 ± 0.1 1.2 ± 0.2 1.6 ± 0.2 0.4 ± 0.1 0.4 ± 0.1 2.0 ± 0.3 ) from the EGD split into eight macro areas. Error bars represent the total EGD emission uncertainty as described in the sensitivity tests section. Uncertainties in each region are characterised by those shown in Fig. 1S b) Annual per capita emission estimates (kg y
À1
) from the EGD split into eight macro areas. The rightmost column shows the 11-y average. Error bars represent the EGD emission uncertainty as described in the sensitivity tests section. differences at the macro-areas level. A significant deviation is observed when comparing our estimates with those calculated by Saikawa et al. (2012) for the period 2005e2009, with our estimates being nearly twice as high. Three monthly inversions allowed us to identify a seasonal cycle in HCFC-22 emissions in Southern Europe. In the Southernmost countries adjacent to the Mediterranean basin the emissions in summer are ca 25% higher than those in the colder months, likely because of a more intensive use of refrigeration and air conditioning systems during the summer. Comparing our estimates with inventories based on UNEP consumption data combined with the emission rates projection given by McCulloch et al. (2006) , we also obtained a good agreement with an average difference of 22% between the two estimates, confirming the reliability of the proposed banks evaluation of banks sizes and the general emission functions. The projection of HCFC-22 emissions from the EGD up to 2030 shows a fast decrease and approaches zero after 2025.
Converting the EGD HCFC-22 emissions from Gg yr À1 into CO 2 equivalent (CO 2-eq), emissions have decreased from 58,000 ± 4000 Gg CO 2-eq in 2002 down to 22,000 ± 2000 in 2012, with projected emissions of 4000 ± 800 Gg CO 2-eq in 2020.
In conclusion, this study complements the main results obtained by previous studies and bottom up estimates, extending such results to 2012 and providing a detailed and updated picture of HCFC-22 European emission estimates down to the country (or group of countries) level. In addition, our study provides an assessment of the size of the HCFC-22 bank in Europe and an outlook on future emissions based on atmospheric data rather than solely on bottom up methods. 
